ABSTRACT Aim: To assess the respiratory muscle time constant of relaxation (s), an index of respiratory muscle function in ventilated newborns.
INTRODUCTION
Infants with respiratory distress have an increased respiratory load. The alterations in lung mechanics in such infants increase the work of breathing that the respiratory muscles have to undertake (1) . Their respiratory muscles are poorly adapted to undertake this increased workload because of a smaller proportion of fatigue-resistant, type I muscle fibres (2) and the characteristics of the neonatal rib cage which make it prone to distortion (3) .
Respiratory muscle dysfunction is common in infants, especially those born prematurely and constitutes one of the reasons they can fail to wean successfully from mechanical ventilation. Studies in non-neonatal populations have described the detrimental impact of systemic and respiratory infections (4, 5) on diaphragmatic function. The rate of relaxation of the respiratory muscles is an index of respiratory muscle impairment. Healthy skeletal muscles relax rapidly but, when skeletal muscles operate against increased loads, their rate of contraction and relaxation slows (6) . The rate of relaxation can be quantified by the time constant of respiratory muscle relaxation (s (tau)). Higher values of s indicate slower relaxation and increased risk of respiratory muscle dysfunction and failure (7) . We have previously reported that prematurely born infants who fail extubation and require reintubation exhibit higher Abbreviations CPAP, Continuous positive airway pressure; ET, Endotracheal tube; FiO 2 , Fraction of inspired oxygen; GA, Gestational age; IQR, Interquartile range; IVH, Intraventricular haemorrhage; MAP, Mean airway pressure; P a CO 2 , Arterial partial pressure of carbon dioxide; P aw , Spontaneously generated inspiratory pressure; PDA, Patent ductus arteriosus; PEEP, Positive endexpiratory pressure; PMA, Postmenstrual age; RR, Respiratory rate; SpO 2 , Transcutaneous oxygen saturation; s (tau), Time constant of relaxation of the respiratory muscles.
Key notes
The median respiratory muscle time constant for relaxation was higher in preterm than term infants. It was also higher in those with positive microbiology. The time constant significantly correlated with gestational age and weight at measurement.
values of s before extubation and that s can predict the outcome of extubation in prematurely born infants (8) .
Whether there are differences in the rate of relaxation between term and prematurely born infants and the effect of systemic or respiratory infection on respiratory muscle function have not been reported in neonates. Our hypotheses were that s would be higher in prematurely born compared to term-born infants and in infants who had systemic or respiratory infection compared to those who had never experienced such an infection. Our aims were to test those hypotheses.
METHODS

Subjects
Infants born without congenital anomalies but requiring mechanical ventilation at King's College Hospital NHS Foundation Trust between February 2016 and January 2017 were eligible for entry into the study. Two groups of infants were recruited as follows: infants born at less than 34 completed weeks of gestation (preterm) and term infants born at equal or more than 37 completed weeks of gestation. All infants were ventilated through a Cole's endotracheal tube (ET) on volume-targeted or pressurecontrolled time-cycled ventilation with the SLE5000 neonatal ventilator or the SLE2000 infant ventilator (SLE, Croydon, UK). Infants less than 27 weeks of gestation were ventilated with a size 2.5 mm ET, infants from 28 to 34 completed weeks of gestation were ventilated with a size 3.0 mm ET and term infants with a size 3.5 mm ET (9) . The study was approved by the London -Surrey Borders Research Ethics Committee (REC Reference 15/LO/ 2111). Written informed parental consent was obtained.
Study protocol
The infants were studied when they were clinically stable and ready for extubation: that is they had a fraction of inspired oxygen (FiO 2 ) of less than 0.4, a pH >7.25 and a PaCO 2 < 8.5 kPa, and their breathing rate was above the set ventilator rate. When the clinical team decided that an infant was ready for extubation, the infant underwent a spontaneous breathing trial. This consisted of switching the infant from mechanical ventilation to endotracheal (ET) continuous positive airways pressure (CPAP) for a period of six to eight minutes during which time the oxygen saturation (SpO 2 ) and heart rate were monitored. Sedation was discontinued at least 12 hours before extubation, and all infants less than 34 weeks of postmenstrual age were receiving caffeine at a maintenance dose of 5 mg/kg/day.
Monitoring equipment
A respiratory function monitor [NM3 respiratory profile monitor (RPM; Philips Respironics, Wallingford, Connecticut, USA (10,11)] was used (12) . The monitor was connected to a laptop (Dell Latitude, Dell, Bracknell, UK) with customised Spectra software (3.0.2.6; Grove Medical, London, UK). The NM3 RPM had a combined pressure and flow sensor which measured airway pressure and flow; the sensor was placed between the endotracheal tube and the ventilator circuit. Oxygen saturation monitoring was also performed and oxygen saturation and heart rate recorded.
Calculation of the time constant of relaxation
The rate of decline in airway pressure during spontaneous breathing can be used as a surrogate for the measurement of the rate of relaxation (13) . The relaxation rate of the respiratory muscles measured at the mouth reflects the mechanical properties of the respiratory muscles, the chest wall and the airways; however, it has been shown that it accurately describes the inspiratory muscle activity as it is closely similar to the relaxation rate measured at the level of the oesophagus with an oesophageal balloon catheter (14) . We have previously shown that the expiratory resistance of the ET does not significantly contribute to the rate of relaxation in infants intubated with tubes of different internal diameters as s at the end of the test and the difference in s between the first and last minute of the test were both predictive of the extubation outcome irrespective of the ET size (8) . For this reason, we measured s at the end of the test and did not calculate the difference in s between the beginning and the end of the spontaneous breathing period.
The time constant of respiratory muscle relaxation (s) is calculated as the reciprocal of the absolute value of the slope of the pressure decline as a function of time at the lower 60% of the curve multiplied by 100 (7). The part of the trace with smooth pressure decay was selected by eye and analysed. Breaths whose waveforms exhibited evidence of expiratory diaphragmatic braking were excluded from the analysis. s was calculated during the last minute of spontaneous breathing. For each subject, the mean s value of at least five consistent breaths was recorded. A representative trace of the airway pressure decline highlighting the markings for the intercept, which were used for the calculation of s, is presented in Figure 4 .
Information from the medical records and nursing records Sex, gestational age at birth, birthweight, postmenstrual age, post-natal age, weight at the time of measurement and days of ventilation were recorded. The FiO 2 , mean airway pressure and backup rate during mechanical ventilation and the arterial pressure of CO 2 (PaCO 2 ) during the two hours prior to the measurement were also recorded. The inspiratory pressures that were spontaneously generated (P aw ) and the positive end-expiratory pressure (PEEP) during the measurement were recorded from a mean of ten spontaneous breaths during the last minute of the spontaneous breathing test.
Information recorded from the infant's medical notes also included whether the infant had a patent ductus arteriosus (PDA) prior to the measurement had been exposed to antenatal steroids or had had an intraventricular haemorrhage (IVH). A PDA was diagnosed clinically and confirmed by echocardiography. Administration of antenatal corticosteroids was recorded as positive if at least two doses were given. The cranial ultrasound was recorded as normal if there was no intraventricular haemorrhage or intracranial pathology. Positive microbiology consisted of a positive bacterial blood culture, bacterial culture of respiratory secretions or bacterial culture of a central catheter tip. Infants who had any positive microbiology from admission and prior to the measurement were grouped as 'positive microbiology'. Infants with isolated positive skin swabs or eye swabs were not considered to have positive microbiology.
Sample size calculation
The sample size calculation was based on the observation that a difference in s of 24 sec/cmH 2 O was observed before and after induced diaphragmatic fatigue in healthy young men (15) . We obtained the standard deviation of s from pilot data, and it was equal to 22 sec/cmH 2 O. The required sample size then to detect a difference in s of 24 sec/cmH 2 O with 90% power at the 5% level of statistical significance was 18 subjects in each group.
Statistical analysis
Data were tested for normality with the KolmogorovSmirnoff test and found not to be normally distributed. Hence, differences were assessed for statistical significance using the Mann-Whitney rank sum test or Chi-squared test as appropriate.
The relationships of s with gestational age, postmenstrual age, birthweight and weight at measurement were assessed using the Kendall-tau rank correlation coefficient. The factor with the highest correlation with s was then used in a linear regression model to graphically present the relationship with s. The interaction of infection and the demographical parameter with the highest correlation with s was assessed with a multiple linear regression model with s as the outcome parameter. Statistical analysis was performed using SPSS 23.0 (IBM SPSS Statistics).
RESULTS
Sixty-seven infants were assessed. Five infants' results were excluded as they did not breathe during the spontaneous breathing challenge. Forty-two infants were born at less than 34 weeks of completed gestation and formed the 'prematurely born' group and twenty infants were born at more than 37 weeks of gestation and formed the 'term' group (Table 1) .
Prematurely born infants were significantly older at measurement and had a significantly higher incidence of PDA, abnormal head scan, higher backup rate during mechanical ventilation prior to study, higher PEEP, higher PaCO 2, higher s and lower P aw compared to term infants (Table 1, Fig. 1 ).
Infants with positive microbiology did not differ significantly in terms of gestational age, birthweight, respiratory rate or P aw compared to infants with negative microbiology Median-Interquartile range or n (%). Mann-Whitney test. GA = gestational age; PMA = postmenstrual age; FiO 2 = fraction of inspired oxygen; MAP = mean airway pressure; PaCO 2 = arterial partial pressure of carbon dioxide; PDA = patent ductus arteriosus; RR = respiratory rate; P aw = spontaneously generated airway pressure; PEEP = positive end-expiratory pressure; s = time constant of relaxation of the respiratory muscles. *Chi-squared test. Figure 1 Pattern of respiratory muscle relaxation in term and prematurely born infants. The plot is not to scale.
( Table 2 ). Infants with positive microbiology (n = 17) had a significantly higher s compared to infants with negative microbiology (n = 45, Fig. 2 , Table 2 ). s correlated with gestational age (r = À0.265, p = 0.003), postmenstrual age (r = À0.262, p = 0.003), birthweight (r = À0.259, p = 0.003), weight at measurement (r = À0.269, p = 0.002). Linear regression analysis was undertaken of the relationship of s with weight at measurement (Fig. 3) .
Multiple linear regression analysis showed that s was independently associated with weight at measurement (p = 0.019, odds ratio: À2.41, 95% confidence intervals: À6.7 to À0.6) and the presence of positive microbiology (p = 0.014, odds ratio: 2.54, 95% confidence intervals: 2.2-18.8).
DISCUSSION
We have demonstrated that prematurely born infants exhibit significantly slower respiratory muscle relaxation compared to term infants. In addition, we have highlighted that infants with positive microbiology exhibit slower respiratory muscle relaxation compared to infants with negative microbiology.
Our results are consistent with findings that prematurely born infants are at increased risk for respiratory muscle impairment. Dimitriou et al. reported that prematurely born infants exhibit lower maximal transdiaphragmatic pressures measured during crying compared to term infants (16, 17) . Furthermore, prematurely born infants have significantly fewer fatigue-resistant type I muscle fibres compared to term infants and thus lower oxidative capacity and endurance (2) . In this paper, we highlight that the relaxation properties of their respiratory muscles might further predispose prematurely born infants to respiratory muscle dysfunction. A prolonged relaxation phase of the inspiratory muscles is a well-described index of impeding respiratory muscle fatigue (13) . Unlike histopathology and diaphragmatic electromyography (18) , the rate of relaxation obtained from the airway pressure signal is a non-invasive method that does not require specialised equipment or sophisticated spectrum analysis. In addition, it is readily available, as most neonatal ventilators analyse and display the airway pressure waveform in real time and thus this technique could be implemented using standard neonatal ventilators and provide real-time information regarding the functional state of the respiratory muscles.
We report significantly lower spontaneously generated pressures in preterm compared to term infants, which is in agreement with previous studies (16, 17) . Our study is the first in neonates to report that infection had an independent negative effect on respiratory muscle function. The clinical applicability of this finding is that infants with active infection might more frequently fail to wean off mechanical ventilation as their respiratory muscle function would be compromised. The deleterious effect of infection on diaphragmatic function has been described in non-neonatal studies (4, 10, 11) . The decline pattern of the airway pressure waveform has been shown to reflect diaphragmatic activity in adult populations (14) . Prematurely born infants, however, might exhibit postinspiratory muscle activity via contraction of the abdominal muscles to maintain their functional residual capacity at end expiration. For this reason, we considered the abdominal muscles as accessory respiratory muscles and used the term 'respiratory muscle rate of relaxation' rather than 'diaphragmatic rate of relaxation'.
We should acknowledge as a potential limitation that it is possible that the size of the ET might have impacted on our results as smaller infants will require narrower ETs which will increase the resistance of the respiratory system (19) . However, we have previously measured the difference in s which, given there are no changes in the level of respiratory Median-Interquartile range. Mann-Whitney test. GA = gestational age; RR = respiratory rate; PaCO 2 = arterial partial pressure of carbon dioxide; P aw = spontaneously generated airway pressure; s = time constant of relaxation of the respiratory muscles. support or endotracheal tube during the SBT, could be selectively attributed to respiratory muscle changes. We found that both s and the difference in s were highly predictive of the outcome of extubation which is largely dependent on respiratory muscle function (8).
In conclusion, our study has highlighted that respiratory muscle function in ventilated newborns is negatively affected by prematurity and previous infection. These findings might explain why some prematurely born infants require long periods of mechanical ventilation particularly if they have had a systemic or respiratory infection. 
